Sedimentological and organic geochemical analyses of sediments along five Leg 161 drill sites document the occurrence of sapropels throughout the Western Mediterranean Sea. Two hundred and seventeen well-dated sapropel events are found at these sites ranging in age from 0.01 to about 3 Ma. Total organic carbon (TOC) content has a wide variation, ranging from <0.1% to maximum values of >6%. The highest sapropel TOC values are found in the Tyrrhenian Sea. Sapropel TOC values decrease to the west and are lowest in the Alboran Sea. In contrast, background TOC in nonsapropel sediments increases from east to west, with values ranging from 0.1%-0.3% in the Tyrrhenian Sea to 0.3%-0.5% in the Alboran Sea. In view of this TOC variability, sapropels in this study are defined as sediment horizons with higher-than-background TOC concentrations. Sapropels that comply with this definition can often be recognized by distinctive color changes. That is, rather than using a narrowly defined, minimum TOC value as a cutoff line for defining sapropels, the concept of using color changes and above-background TOC levels allows to detect sapropel events in much better detail. This is especially true for the western Mediterranean, where sapropels are sometimes less distinctive in the sedimentary record than in the eastern Mediterranean. Applying this concept and using detailed oxygen isotope stratigraphies (Pierre et al., Chap. 38, this volume; von Grafenstein et al., Chap. 37, this volume) and high-resolution biostratigraphy (de Kaenel et al., Chap. 13, this volume) show that most sapropels in the eastern and western Mediterranean are well correlated. Exceptions to this observation point to the importance of local phenomena such as hydrological and productivity fronts that are associated with the Atlantic inflow and wind-driven meso-scale gyres in the western Mediterranean. From the Leg 161 paleoceanographic studies it must be concluded that sapropels are Mediterranean-wide phenomena. This warrants revision of our views about the origin of sapropels and their paleoceanographic and paleoclimatic implications.
INTRODUCTION
Drilling in the western Mediterranean was part of a trans-Mediterranean drilling transect at 16 sites, which were drilled during Legs 160 and 161. The paleoceanographic objectives of both legs were aimed at documenting of Mediterranean-wide environmental conditions during the late Cenozoic, with special emphasis on periods of sapropel deposition, to better constrain the various factors that may have caused sapropel formation in the eastern Mediterranean.
Studies to understand the origin and temporal distribution of sapropels so far have almost exclusively been undertaken in the Eastern Mediterranean. Various models have been proposed to explain the enrichment in organic carbon during the sapropel events. In general, two types of models have been proposed: (1) a stagnation model that explains the elevated TOC levels of sapropels by enhanced organic matter preservation under oxygen-deficient deep-water conditions; (2) a productivity model that links the occurrence of sapropels to increased marine biological production in the photic zone.
The stagnation model explains anoxic bottom conditions by water column's increasing density stratification, which ultimately inhibits convective overturning and ventilation of the deeper water column (Shaw and Evans, 1984; Anastasakis and Stanley, 1986; Ganssen and Troelstra, 1987) . Enhanced buoyancy of the surface layer could have been brought about by two mechanisms: (1) warm climatic conditions (Mangini and Dominik, 1982; Thunell et al., 1984) or (2) formation of a low-salinity surface layer (Vergnaud-Grazzini et al., 1986; Ten Haven et al., 1987; Fontugne et al., 1989; Troelstra et al, 1991; Tang and Stott, 1993) . Low-salinity surface layers in turn could be explained through imported meltwaters from decaying Eurasian ice sheets during deglaciation (Ryan, 1972; Cita et al., 1977; Stanley, 1978; Thunell and Lohmann, 1979) or by enhanced precipitation and resultant increases in river runoff to the Mediterranean from the Nile river and rivers from the northern Mediterranean borderlands (Adamson et al., 1980; Rossignol-Strick, 1985; Rohling and Gieskes, 1989) . Another possible mechanism is an increased lowsalinity Atlantic water inflow (Müller, 1973) . Changes in the circulation of the semi-enclosed Mediterranean Sea resulting in decreased water exchange across the Sicily-Tunisia Strait that inhibits deepwater circulation and oxygenation of the eastern Mediterranean basin deep waters would be a further factor determining the ventilation of the deep Mediterranean (Béthoux, 1984; 1993) .
Increased biological productivity within the photic zone as a primary cause of sapropel formation has been proposed by several authors (Calvert, 1983; Jenkins and Williams, 1983/84; Lourens et al., 1992; Calvert et al., 1992; Van Os et al., 1994) . These models were built on the recognition that organic carbon flux to the seafloor in today's Eastern Mediterranean Sea would not be sufficient to produce sapropels, even if extensive water column stratification and complete bottom-water anoxia would occur.
More recently, a model for sapropel formation that combines increased productivity with decreased deep-water formation has been proposed by Rohling and Gieskes (1989) and has been further refined by Rohling (1991) . In this model, shoaling of the pycnocline to a depth within the euphotic layer would lead to increased nutrient availability to the lower euphotic layer. This enables the development of a deep chlorophyll maximum (DCM) below the pycnocline and a concomitant increase in the downward flux of organic matter from the euphotic zone (export production). According to this model, shoaling of the pycnocline could have occurred in response to an enhanced freshwater flux to the Mediterranean's surface layer, in conjunction with the development of an anti-estuarine circulation pattern. In such a case, the intensity of exchange-transport across the Sicilian sill would be reduced to about 70% of the present.
Before Leg 161, it was believed that basin-wide sapropel formation occurred only in the eastern Mediterranean. Development of the sapropel models, therefore, has been driven by sapropel studies in the Eastern Mediterranean. Leg 161 drilling, however, retrieved a full suite of sapropels from throughout the western Mediterranean. The new data show that sapropel formation occurred throughout the entire Mediterranean, from the Eratosthenes Seamount in the far eastern Mediterranean to the Alboran Sea, immediately east of the Strait of Gibraltar.
In this study, I use TOC values from all Leg 161 drill sites to document the spatial and temporal pattern of sapropel formation in the western Mediterranean. Only Site 978 in the Alboran Sea was excluded, because the upper part of the sediment column was washed out without coring down to 213 meters below seafloor (mbsf).
METHODS

Total Organic Carbon
In this study I use shipboard and shorebased TOC data. Analytical techniques for the shipboard TOC measurements are described in the Leg 161 "Explanatory notes" chapter (Shipboard Scientific Party, 1996a) .
For the postcruise TOC analyses, samples were freeze dried. Dried sediment aliquots of 100 mg were then weighed, decalcified with 1M H 3 PO 4 and dried on a hot plate at ~50°C. The organic carbon concentration was determined by combustion in a LECO CS 300 carbon sulfur analyzer. Reproducibility of the TOC measurements was ± 0.02% as indicated by duplicate analyses of 35 samples.
Shipboard and shorebased TOC values are in good agreement with each other, as is indicated by a similar range of the results.
Grain-Size Analysis
Grain-size distributions of about 50 samples were determined using a SediGraph 5000 Particle Size Analyzer. A 2-g subsample of the sediment fraction <40 µm was dispersed in a 0.1% hexametaphosphate solution using an ultrasonic bath. Size distribution of particles was inferred applying Stoke's law on the settling particles. The analyzer produces directly cumulative mass percentage curves.
CD-ROM Tables of Results
Tables with TOC data and lithologic codes for each site are on CD-ROM (Tables 1 to 5 ). In the tables, shipboard TOC analyses are marked by an asterisk (*).
For Hole 976B, sapropel occurrence was documented with color slides. It was thus not possible to obtain sufficient lithologic detail. Therefore Table 3 (Site 976) presents TOC data only.
RESULTS AND DISCUSSION
Sedimentary Characteristics
Continuous pelagic to hemipelagic sedimentary sequences were recovered at the drill sites under study in this paper. There was no occurrence of major turbiditic sequences. The following section provides a site-by-site description of the lithologies at the different sites.
Site 974
Site 974 is located in the central Tyrrhenian Sea, on the lowermost eastern continental margin of Sardinia, in a small basin more than 3400 m deep (Table 6 ). Lithostratigraphic Units I and II (0-200 mbsf) consist of Pliocene to Pleistocene pelagic to hemipelagic sediments. The major lithologies are nannofossil-rich clay, nannofossil-rich silty clay to nannofossil ooze, and the <2-µm fraction is about 65%-70%. The mean sedimentation rate for these two lithostratigraphic units is about 35 m/m.y. The slightly higher sedimentation rate found in Unit I probably reflects an increasing volcanic component to sediments during this time period (Shipboard Scientific Party, 1996d) .
Site 975
Site 975 is located on the South Balearic Margin at a water depth of 2416 m ( For Site 976, lithostratigraphic Units II and III were not analyzed because Unit II contained of high amounts of sand that likely are of turbiditic origin.
Sedimentation rates at all three sites in the Alboran Basin are higher than those of Sites 974 and 975. They range from 104 m/m.y. for Site 977 to 188m/m.y. for Site 979 (Shipboard Scientific Party, 1996f, 1996g, 1996h) .
TOC Content and Variability: Leg 161 Sapropel Definition
TOC contents along the Leg 161 drill sites display a wide range of values from less than 0.1% to more than 6% (Fig. 1) . Sites 974 and 975 have a median TOC of 0.3% (Table 6) , which is considered typical of open-ocean oxic environments (Stein, 1990) . The different sites of the Alboran Basin are very similar with a higher TOC median and lower TOC maximal value (about 2%).
To interpret TOC variability, sapropel and nonsapropel TOC values are distinguished in Fig. 2 . Lithologic code 2 corresponds to a sapropel; code 1 to transitional sediments between the sapropel and surrounding gray muds; code 0 regroups all other samples and indicates the TOC background value.
There is an increase in the TOC background value for the Alboran Basin Sites (0.3%-0.5%) in contrast to that found at Sites 974 and 975 (0.1%-0.4%). However, the contrast between maximum sapropel TOC and nonsapropel background TOC is much smaller in the Alboran Basin (maximum TOC of about 2%) than at Sites 974 (maximum TOC of 6.27%) and 975 (maximum TOC of 2.90%). Sites 974 and 975 show a clear distinction of TOC content between sapropel and surrounding sediments. It is noteworthy that an apparent gap in the TOC distribution exists between 0.6%-0.8% (Fig. 3) . The TOC distribution is much less variable (0.3%-2.0%) for the Alboran Basin sediments. Disparate data distribution between Sites 977 and 979 ( Fig. 2) can be explained by inadequate sampling because organic-rich sediments are generally oversampled so that samples with background TOC values are under-represented for Site 979 (only 60 samples total compared to 200 samples for Site 977). The disparate sampling would also explain the high value of TOC median at Site 979 (Table 6 ; Fig. 1 ).
The term "sapropel" has been used in the literature to describe marine sediments with elevated organic carbon content. Traditionally, a minimum TOC cut-off line has been applied to this definition, between 0.5% and 2.0% (Kidd et al., 1978; Hilgen, 1991) .
The shipboard scientific parties of Legs 160 and 161 choose different definitions for sapropels. During Leg 160, Hilgen's (1991) definition has been applied in that a minimum TOC 0.5% was used to separate sapropels from normal background sediments. In contrast, the Leg 161 party chose to call these intervals "Organic-Rich Layers" (ORL) while waiting for a detailed study of these deposits. Kidd et al. (1978) defined a sapropel as being a discrete layer, deposited in an open marine environment, and consisting of more than 2% TOC. However, this limit appears to be too high even for sediments in the Eastern Mediterranean Basin. For example, maximal TOC content of sapropel S1 ranges from 1.0% to 3.5% depending on water depth. By this criteria, only sediments deposited deeper than 1400 m would be identified as the S1 sapropel in the eastern Mediterranean. A study of the last eight sapropels based on 84 cores collected across the Eastern Mediterranean Sea from the Ionian Basin to the Nile Delta, including the Sea of Crete and the Levantine Basin, has demonstrated that 1% appeared to be the more relevant value for sapropel definition (Murat, 1991) . This revised definition also took into consideration the lack of TOC values between 0.6%-1.0% (Fig.  3) . The present study strongly supports the re-definition of sapropels that is, to use the TOC contrast in conjunction with sediment color changes between sapropels and the surrounding sediments as a better means to define a sapropel rather than by applying a strict measure of minimum TOC that has to be met by a sapropel.
Using this sapropel definition, the temporal distribution of sapropels in the western Mediterranean can be compared to that observed in the eastern Mediterranean (Fig. 3) . Sites 974 and 975 show a distribution similar to that of eastern Mediterranean sites, except for the fact that the sapropel TOC content is as low as 0.8%. The distinction between sapropels and normal sediments is far more difficult at the sites in the Alboran Basin. There, because the higher sedimentation rates, the TOC contrast is much more gradual, continuous, and less distinct. It is more difficult, therefore, to determine upper and lower boundaries of the sapropels. Hilgen's (1991) lower limit of 0.5% TOC is difficult to apply because the background mode in the Alboran Sea is about 0.4%-0.5% TOC; this value can also be found for background sediments at Sites 974 and 975 (Fig. 2 ) and in the eastern Mediterranean Sea ( Fig. 3 ; Murat, 1991; Shipboard Scientific Party, 1996c ; e.g., Site 964). The minimal TOC content used to define a sapropel for Leg 161 was 0.8% which corresponds to the minimal value found for Sites 974 and 975 sapropels.
Organic carbon content variability within an individual lithologic layer constitutes a further difficulty when defining a sapropel because in some sapropels TOC values range from 0.7% to 1.2%.
If one must define a sapropel, then this study would define a sapropel as an organic-rich lithologic layer deposited in open sea, with at least one TOC value equal to or higher than 0.8%.
Sapropel Stratigraphy
Lists of sapropels for each site and hole (with correlations between the different holes) are given in Tables 7 to 11 on CD-ROM. Synoptic sapropel stratigraphic lists for each site are given in Tables  12 through 16 .
The first digit of the Key Bed Number for each sapropel consists of the last digit of the site where it occurs (4 for 974, 5 for 975, and so on); the last two digits is the sequential numbering of the layer from top to base of the lithologic column.
The total number of sapropels varies from 28 for Site 976 to 68 for Site 979 (Table 6 ). Oxygen isotope stratigraphies for Sites 975, 976, and 977 (Pierre et al., Chap. 38, this volume; von Grafenstein et al., Chap. 37, this volume) , as well as biostratigraphic marker events (de Kaenel et al., Chap. 13, this volume) allow us to trace the pattern of sapropel formation in the time domain (Fig. 4) . According to the Comparing the sapropel occurrence at the western Mediterranean sites with that at Site 964 in the eastern Mediterranean (Howell et al., 1997) shows some similarity between 0 and 2 Ma (Fig. 4) . In both basins, highest TOC contents are found around 1 Ma (Shipboard Scientific Party, 1996c). Before this time interval, sapropels in the western basin occur less frequently. Only the sapropel record of Site 979 is similar to that of Site 964.
Comparison with the timing of the more recent type-sapropels in the eastern Mediterranean indicates a good correlation. Sapropels S4 to S11 (S4: 97-100 ka, S5: 117-126 ka, S6: 170-180 ka, S7: 194-200 ka, S8: 215-225 ka, S9: 240-242 ka, S10: 325-328 ka, and S11: 406-409 ka [Murat, 1991] ) have been recognized in the western basin even in the Alboran Basin (Tables 12 to 16 ). Some layers exhibit a very good correlation between all the sites, as is the case for sapropels S5, S6, S9, and S10. Other sapropels occur only in the Alboran Basin. These on occasion correspond to a more grayish layer indicative of reduced conditions. For some of these sapropels, no equivalent exists in the eastern Mediterranean (e.g., the sapropel at 31-38 ka).
Most interestingly, the youngest sapropel in the western Mediterranean occurs before the S1 sapropel in the eastern Mediterranean. According to the oxygen isotope stratigraphies, the uppermost sapropel at Sites 976 and 977 occurs between 10.7-14.5 ka and appears to be associated with the Younger Dryas. The youngest sapropel in the eastern Mediterranean, sapropel S1, is dated to begin at 9 ka lasts to at least 7.5 ka (Murat, 1991) . At Site 976, TOC content remains high (>0.8%) until ~8 ka.
Further detailed studies on the western Mediterranean sapropels will provide important and new insight into the origin of sapropels and concomitant environmental conditions. As a result of Leg 161 data, it must now been taken into account that sapropels are Mediterranean-wide phenomena.
Geographical Variability
Sapropels at the Leg 160 and 161 drill sites display a regional pattern of various sedimentary and lithologic features:
1. Upper and lower boundaries of the sapropels are generally sharp and well defined at all sites, with the exception of those in the Alboran Basin where the boundaries are more subtle and gradual both in color and TOC. This most likely is the result of the high sedimentation rates at the Alboran Sea sites. At Site 977 at the eastern part of the Alboran Basin, sapropels with sharp and gradual upper and lower boundaries occur. 2. Maximum TOC values decrease towards the west along the trans-Mediterranean drilling transect. Maximum TOC at the Eastern Mediterranean sites is above 20% (Shipboard Scientific Party, 1996c), whereas maximum TOC in western Mediterranean is around 6% in the Tyrrhenian Sea (Site 974), 3% in the Balearic Sea (Site 975), and 2% at the Alboran Sea Sites (Table 6 ). 1984 m) , and 976 and 979 (1100 m). A similar positive correlation between increasing water depth and increasing TOC has also been observed for eastern Mediterranean sapropels (Murat, 1991) .
4. Sedimentation rates increase from average rates of 20 m/m.y. in the Eastern Mediterranean (Ryan, 1972; Cita et al., 1977; Murat and Got, 1987) (Table 6 ). The much higher sedimentation rates in the Alboran Sea can be an important factor to explain the higher TOC background values there.
A similar correlation between shallow water depth (470 m), high sedimentation rate (140 m/m.y.), enhanced TOC background (0.3%-0.5%), decreased maximum TOC of sapropels (0.7%-1.5%), and more gradual upper and lower sapropel boundaries is documented at Site 963 in the Strait of Sicily (Leg 160, Shipboard Scientific Party, 1996b) .
As a result, Alboran Basin sediment layer characteristics are not as distinct as their eastern counterparts, and are, instead, probably a consequence of the sedimentological environment rather than its position between the Mediterranean Sea and the Atlantic Ocean.
CONCLUSIONS
Paleoceanographically, one of the most important outcomes of Leg 161 was retrieving a full suite of sapropels in the western Medi- (Comas Zahn, Klaus, et al., 1996). terranean. Based on detailed oxygen isotope stratigraphies (Pierre et al., Chap. 38, this volume; von Grafenstein et al., Chap. 37, this volume) and high-resolution biostratigraphy (de Kaenel et al., Chap. 13, this volume) , it can be demonstrated that a good correlation exists between most western and eastern Mediterranean sapropel events. However, exceptions do occur and point to the importance of local phenomena such as hydrological and productivity fronts that are associated with the Atlantic inflow and wind-driven meso-scale gyres in the western Mediterranean.
Geographical variability of sapropel and background TOC occurs along the trans-Mediterranean drilling transect of Legs 160 and 161 and appears to be closely correlated with the depth location of and sedimentation rate at individual drill sites.
Sapropels are less distinctive in the westernmost Mediterranean, the Alboran Sea. There, enhanced sedimentation rates resulted in higher background TOC than is typically encountered in the Mediterranean Sea, and in more gradual upper and lower boundaries of the sapropels. Abundant occurrence of sapropels that do not correlate in timing with the eastern Mediterranean type-sapropels imply the existence of climatic and hydrographic variability in the Alboran Sea that is linked to North Atlantic climatic variability (von Grafenstein et al., Chap. 37, this volume) . Nevertheless, from the Leg 161 paleoceanographic studies, it must now be concluded that sapropels are Mediterranean-wide phenomena that warrant revision of our views about the origin of sapropels and their paleoceanographic and paleoclimatic significance.
